Optical tweezers have been successfully adopted as exceptionally sensitive transducers for microrheology studies of complex 'fluids'. Despite the general trend, a similar approach cannot be adopted for microrheology studies of 'gel-like' materials, e.g. living cells.
Introduction
Since their advent in the ′ 70s [1] , Optical Tweezers (OT) have revolutionised the field of micro-sensing [2] . Indeed, thanks to the property that a highly focused laser beam has to trap (in three dimensions) micron-sized dielectric objects suspended in a fluid, OT have been adopted as exceptionally sensitive transducers (i.e., able to resolve pN forces and nm displacements, with high temporal resolution, down to µsec) to study a myriad of biological processes, e.g. [3] [4] [5] [6] [7] [8] .
Accessing the time-dependent trajectory of a micron-sphere, to high spatial and temporal resolution, is one of the basic principles behind microrheology techniques [9, 10] . Microrheology is a branch of rheology (the study of flow of matter), but it works at micron length scales and with micro-litre sample volumes. Therefore, microrheology techniques are revealed to be very useful tools for all those rheological studies where rare or precious materials are employed, e.g. in biophysical studies [11] [12] [13] [14] [15] . Moreover, microrheology measurements can be performed in situ in an environment that cannot be reached by a bulk rheology experiment, for instance inside a living cell [16] .
However, while microrheology with OT of complex fluids has been presented [17] [18] [19] and validated [20] against conventional bulk rheology methods, when it is considered for rheological studies of soft solids (e.g. gel-like materials or living cells), there exist some issues related to the viscoelastic nature of the compound system, made up of the optical trap and the complex solid, that preclude the determination of the viscoelastic properties of such materials, as explained hereafter.
Discussion
As already introduced by Tassieri et al. [19] for the case of a stationary trap, the statistical mechanics analysis of the thermal fluctuations of an optically trapped micron-sized spherical particle, suspended in a fluid at thermal equilibrium, has the potential of revealing both (i) the trap stiffness and (ii) the frequency-dependent viscoelastic properties of the suspending fluid. The latter can be expressed in terms of the material's complex shear modulus G * (ω); which is a complex number (G * (ω) = G ′ (ω) + iG ′′ (ω)) whose real and imaginary parts provide information on the elastic and viscous nature of materials [21] (e.g. see Fig. 1 ), respectively.
The trap stiffness κ can be determined by appealing to the Principle of Equipartition of Energy:
where k B is the Boltzmann's constant, T is the absolute temperature and r 2 is the time-independent variance of the particle's position r from the trap center, the origin of r. Despite the great variety of methods for determining the trap stiffness (e.g., using the power spectrum or the drag force [22] ), Eq. (1) provides the only such measurement that is independent of the viscoelastic properties of the fluid under investigation and is thus essential for proper calibration. This is because, whatever the elasticity of the unknown fluid, its contribution to the time-independent constraining force must vanish at long times (because at rest the fluid's elastic shear modulus goes to zero as the time goes to infinity). This is equivalent to say that at low frequencies the elastic component of the viscoelastic fluid vanishes towards zero, as schematically shown in Fig. 1 (left) . Thus the trap stiffness is easily determined by means of Eq.
(1) applied to a sufficiently long measurement [19] . Once calibrated, OT can be used to evaluate G * (ω) by solving a generalised Langevin equation in terms of either the normalised mean square displacement Π(τ) = ∆r 2 (τ) /2 r 2 [17] or the particle normalised position autocorrelation function A(τ) = r(t) r(t + τ) / r 2 [18] :
where τ is the lag-time, a is the bead radius,Â(ω) andΠ(ω) are the Fourier transforms of A(τ) and Π(τ), respectively. Notice that, Eq. (2) is valid as long as the particle inertia is negligible. When a particle is embedded into a gel, Eq. (1) becomes underdetermined with two unknowns, κ and G ′ 0 :
This because the elastic component of the viscoelastic solid does not vanish at long times (i.e. low frequencies), but actually it approaches a frequency-independed plateau value (G ′ 0 ), as schematically shown in Fig. 1 (right) . Thus the inappropriateness of OT for microrheology of gels, as it is not possible (yet) to discriminate between the two elastic contributions.
In the case of living cells, things get more complicated, because their mechanical properties change with time [23] , especially at low frequencies (i.e. long times). Nevertheless, microrheology of living organisms can still be performed if the right assumptions on the characteristic times involved during the measurement are made; i.e., on the Deborah Number (De = time o f relaxation/time o f observation) [24] . Indeed, for each organism, one could assume the existence of a characteristic time (τ org ) such that, for measurements having duration T m shorter than τ org (i.e., De 1), the living system can be seen as a complex material (either fluid or solid) with 'time-invariant' viscoelastic properties; whereas, for observations lasting longer than τ org (i.e., De 1), the living organism has time to self-reorganise and thus to change its mechanical properties. Therefore, notwithstanding that for De 1 microrheology measurements of a living system are possible; in the case of OT, the following two considerations exclude them from being considered for such purpose. In particular, (i) if the living organism is assumed to behave as a complex fluid, then OT would require a sufficiently long measurement for a proper calibration of the trap stiffness, but this would result in De 1 with the lost of the pseudo-equilibrium assumption because of the self-reorganising process of the organism; (ii) if the latter is assumed to behave as a complex solid, then the considerations made above for the gels would hold and OT would not be able to provide information on the absolute magnitude of G * (ω), but only information on the frequency behaviour of its real and imaginary parts that anyway could still provide some useful insights on the system under investigation [25] .
In conclusion, based on simple rheological considerations, it has been shown that microrheology with optical tweezers of gel-like materials 'is not an option'!
